To study the relationship between phospholipid synthesis and organelle biogenesis in the dimorphic bacterium Caulobacter crescentus, auxotrophs have been isolated which require exogenous glycerol or glycerol 3-phosphate for growth when glucose is used as the carbon source. Upon glycerol deprivation, net phospholipid synthesis ceased immediately in a glycerol 3-phosphate auxotroph which was shown to have levels of biosynthetic sn-glycerol 3-phosphate dehydrogenase (E.C. 1.1.1.8) activity 10 times lower than that of the wild type. In the absence of glycerol, the optical density of the culture continued to increase for the equivalent of one generation, although the cells did not divide. After the equivalent of one generation time, rapid cell death occurred. Cell death also occurred when phospholipid synthesis was inhibited by cerulenin. Although ribonucleic acid and protein syntheses continued at a reduced rate for the equivalent of one generation in mutant strains, a substantial decrease in the rate of deoxyribonucleic acid synthesis occurred immediately upon glycerol deprivation. Revertant strains had wild-type levels of glycerol 3-phosphate dehydrogenase activity and normal rates of phospholipid and macromolecular synthesis.
The cell cycle of the bacterium Caulobacter crescentus includes defined periods when structures such as stalk, flagella, and pili are assembled at specific sites on the cell surface (33, 34) . Several of the protein components of these structures have been identified (12, 21, 24, 25, 35, 36) , and their time of synthesis has been shown to coincide with visible surface assembly (1, 25, 32, 35, 36) . Electrophoretic analysis of the protein composition ofinner and outer cell membranes during the course of the cell cycle has shown that specific sets of proteins are incorporated into membranes at specific time periods in the cell cycle (1, 5, 11, 18) . To study the relationship between membrane biogenesis and the periodic synthesis and assembly of surface structures, we have initiated a study of phospholipid biosynthesis in C. crescentus.
We have previously shown that the acid phospholipids, phosphatidylglycerol and cardiolipin, comprise approximately 87% of the total phospholipid and that neither phosphatidylethanolamine nor its precursor, phosphatidylserine, can be detected (6) . Since glycerol is an essential precursor to the C. crescentus phospholipids, mutants dependent on exogenous glycerol for growth were sought both to analyze phospholipid biosynthesis and to study the effect of the cessation of phospholipid biosynthesis on organelle biogenesis during the cell cycle.
We report here the isolation of a glycerol 3-phosphate (G3P) auxotroph in a strain of C. crescentus, CB15, which normally cannot use glycerol as a carbon source. The defect is shown to be due to a single mutation which affects the activity of L-G3P:NAD(P) oxidoreductase (E.C. 1.1.1.8), commonly referred to as G3P dehydrogenase. Growth of this mutant in the presence of glucose as a carbon source but in the absence of added glycerol caused the immediate cessation of net phospholipid biosynthesis. Studies of the rates of synthesis of phospholipid, DNA, RNA, and protein reported here show that the rate of DNA synthesis decreased together with the sharply decreased rate of phospholipid synthesis. Both RNA and protein synthesis continued for just under a generation when the rate of synthesis decreased concomitant with cell death.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C.
crescentus CB15 (AE5000) and derivative strains (Table 1) were grown either in PYE broth (33) or in minimal medium M2 (20) modified as described previously (6) . Glucose (0.2%) was used as the sole carbon source, and G3P auxotrophs were grown in M2-glucose medium supplemented with glycerol (1 mM) or G3P 612 8 .0) and 10 mM mercaptoethanol, disrupted by sonification, and centrifuged at 3,000 x g for 15 min. The supernatant was collected and centrifuged at 100,000 x g for 60 min. The resulting pellet was suspended in 100 mM Tris-hydrochloride (pH 8.0)-10 mM mercaptoethanol, and enzyme activity was determined. The conversion of G3P to lipid was completely dependent on the substrate CDP-diglyceride, was enhanced by the presence of 2 mg of Triton X-100 per ml, had a pH optimum of 8.5, and required 50 mM MgCl2 for optimal activity.
Measurement of phospholipid turnover. Cultures were grown for four generations in M2-glucose medium containing 1 mM glycerol, 1 mM G3P, and
[32P]orthophosphate (8 ,ICi/ml). The cells were centrifuged at 10,000 x g for 5 min, washed twice with M2 medium, and resuspended in M2-glucose medium with or without glycerol. Samples (10 ml) were removed at intervals, filtered through 0.45-,um filters, and washed twice with cold M2 medium. The cells were resuspended in M2 medium, and the lipids were extracted with methanol-chloroform as described by Ames (2).
Portions (0.1 ml) of the chloroform extracts were counted in Omnifluor. The lipids were further analyzed by two-dimensional paper chromatography as previously described (6) . 3P-labeled phospholipids were located by autoradiography, and the labeled regions were cut out and counted.
Rate of synthesis of phospholipid. Cultures grown in M2-glucose medium containing 1 mM glycerol were washed twice with M2 medium and resuspended in M2-glucose medium with or without glycerol. Samples (10 ml) were added to 0.5 mCi of [3p]-orthophosphate and incubated at 300C for 10 min. The cells were then filtered, washed, and suspended in M2 medium for lipid extraction as described above.
Rates of macromolecular synthesis. Cultures were grown in M2-glucose medium containing glycerol, washed, and suspended in M2-glucose medium in the presence or absence of glycerol. To measure the rate of protein synthesis, 0.5-ml samples were added to 1 ,uCi of ['4C]lysine (20 mCi/mmol). After 10 min at 300C, 2.5 ml of 20% trichloroacetic acid was added, the samples were filtered through GF filters and washed with 5% trichloroacetic acid, and radioactivity was measured in a liquid scintillation counter. The rate of cell wall synthesis was measured by the addition of 0.1 ml of culture to 1 ,ICi of 2,6-[1,7-'4C]diaminopimelic acid (105 mCi/mmol). After 10 min at 300C, 1 ml of 20% trichloroacetic acid was added, the samples were filtered and washed, and radioactivity was measured. 
RESULTS
Isolation of glycerol auxotrophs. Wildtype strain AE5000 and the prototrophic strain AE5091 were treated with NTG, and the survivors were screened for G3P auxotrophy by replica-plating from plates containing PYE supplemented with 1 mM each of L-glycerol and G3P to plates containing glucose-minimal medium with or without glycerol and G3P supplementation. Strain AE5168 is a G3P auxotroph derived from strain AE5091, and AE5169 is an independent G3P auxotroph derived from strain AE5000 (Table 1) . Glycerol alone will satisfy the auxotrophic requirement of either strain growing on glucose-minimal medium. However, G3P is required to satisfy the auxotrophic requirement when these strains are grown in PYE medium. Hence, we call strains AE5168 and AE5169 G3P auxotrophs and designate their genotpyes as gps-505 andgps-506, respectively (glycerol phosphate synthesis). NTG is known to induce multiple mutations (14) ; however, the G3P requirements in these strains appear to result from single mutations, since spontaneous G3P-independent revertants were isolated at a frequency of approximately 10-9. One such revertant, strain AE5171 (a revertant of strain AE5168), was studied and appears wild type for all parameters tested (see below).
The gps-505 and gps-506 mutations in strains AE5168 and AE5169 were found to be linked to each other by phage oCr3O-mediated generalized transduction (10) . Phage grown on each strain were used to transduce the other strain to prototrophy. Each lysate was used to transduce an arginine auxotroph, strain SC620, to prototrophy to allow normalization of the relative donor ability of each lysate; a lysate grown on the wildtype strain AE5000 was used to transduce each strain to allow normalization of the relative recipient ability to each strain. The data in Table  2 show that the lysate grown on strain AE5168 (gps-505) only rarely corrected the gps-506 mutation to gps+, whereas it was as efficient as the wild-type lysate in correcting the argG105 mutation to arg+. This suggests that gps-505 and gps-506 transductants arise only when a recom- (Table 3) . The specific activity of the biosynthetic G3P dehydrogenase in the wild-type strain was the same whether it was grown in the presence or absence of glycerol and G3P, indicating that the G3P dehydrogenase activity is not repressed when grown in the presence of these metabolites. Extracts of the G3P auxotrophs, however, had less than 10% of the wild-type activity, whereas the revertant strain AE5171 had fully regained activity. Mixtures of wild-type and mutant cell extracts yielded enzyme activity equivalent to wild type alone. Another enzyme in the phospholipid biosynthetic pathway, phosphatidylglycerol phosphate synthetase, was assayed in wild-type, mutant, and revertant cell extracts, and the specific activity ot this enzyme remained unchanged (Table 3) .
Growth properties of the glycerol auxotroph. Both wild-type strain AE5000 and the mutant designated AE5168 (Table 1) (Fig. 1) . Cell sis is inhibited, cell cultures were grown in the e.6 O presence and absence of the antibiotic cerulenin -j (Fig. 2) . This drug, which inhibited net phospho-u .4
lipid synthesis in C. crescentus, has been shown to exert its effect in other bacteria by specifically blocking f,-ketoacylthioester synthetase activity .2 (8, 13) . In the presence of cerulenin (20 ,ug/ml), the mutant strain AE5168, grown in glycerol-I supplemented medium, lost viability after the (0) fer of the glycerol auxotroph to medium lacking glycerol; viable cells per milliliter without glycerol glycerol. Initially, the rate of incorporation was (0). less than 50% of that observed in the glycerolsupplemented culture (Fig. 3A) (6 ,ICi/ml). The cells were centrifuged, washed, and suspended in medium containing 2Pi at the same specific activity in the presence (0) and absence (0) ofglycerol.
The decreased rate of phospholipid synthesis was reflected in substantially reduced accumulation of 'Pi into lipid in glycerol-starved celLs labeled continuously for 4 h. Turnover of the phosphate moiety of phospholipids during the 4-h period in both starved and supplemented cultures is approximately 10% (6) . This turnover could account for the residual incorporation of 32Pi by deprived cells.
Net phospholipid synthesis was measured by prelabeling cells for several generations with 32P so that steady-state labeling of the phospholipids was achieved (6) . The cells were then shifted to medium lacking glycerol but containing the same specific activity of the label, so that the pattern of phospholipid synthesis in the starved cells reflects the combined effects of synthesis and turnover. Figure 3B shows that net phospholipid synthesis ceased immediately after glycerol deprivation. There was, in fact, an approximately 5% decline in the total phospholipid content after the 3-h period of glycerol starvation.
The phospholipid composition observed in the mutant, both in the starved and unstarved cultures, is similar to the composition found in wildtype cells reported previously (6) and consists of over 80% phosphatidylglycerol (Table 4) . Small amounts of phosphatidic acid, cardiolipin, and one as yet unidentified lipid (lipid X) are also present in mutant cells incubated in the presence and absence of glycerol. The small variation in the proportion of the lipids shown in Table 4 is not considered significant, since fluctuation in this range is routinely seen in the phospholipid composition of different preparations of wild-type cells (6) .
Effect of glycerol deprivation on macromolecular synthesis. The rates of macromolecular synthesis in the mutant strain AE5168 and the revertant AE5171 in the presence and absence of exogenous glycerol are shown in Fig.  4 . All parameters were measured in samples drawn from a single culture. The growth and viable cell measurements are shown in Fig. 4A as a reference. The rate of RNA synthesis was depressed compared to the control culture grown in the presence of glycerol, but the rate At 320 min the rate of RNA synthesis was 75% of the rate observed at 160 min. The rate of DNA synthesis, on the other hand, decreased immediately upon glycerol deprivation, similar to that observed for the phospholipid synthesis (see Fig. 3A ). The rate of diaminopimelic acid incorporation (Fig. 4C) increased with time for the equivalent of one generation (240 min) and then decreased to about 90% of its initial rate at 320 min. The rate of incorporation of ['4C]lysine into protein continued at a constant, although diminished, rate for approximately a generation and then decreased to 75% of its initial rate by 320 min (Fig. 40) .
In the absence of glycerol the revertant strain AE5171 grew with a generation time comparable to that observed with the mutant grown in glycerol-supplemented medium (Fig. 4A) . The rate of incorporation of labeled precursors into DNA and protein ( Fig. 4B and C) and into RNA and cell wall in the revertant strain grown in the absence of glycerol were indistinguishable from that in glycerol-supplemented mutant cultures. DISCUSSION A glycerol auxotroph of C. crescentus with altered sn-G3P dehydrogenase activity has been isolated. Cessation of net phospholipid synthesis is the first effect observed in mutant cells shifted to medium lacking G3P. The events that follow appear to be directly or indirectly caused by the lack of ongoing phospholipid synthesis and not by any consequent abnormality in the composition of the phospholipids. In general, phospholipid turnover in this organism is very slow, approximately 10% per generation (6), compared to approximately 40% in Escherichia coli (31) and 60% in Rhodopseudomonas capsulata (23) .
Perturbation of phospholipid synthesis in the C. crescentus glycerol auxotroph or in cultures treated with the antibiotic cerulenin resulted in the cessation of cell division and, after the equivalent of one generation (4 h), cell death. Immediately after the shift to glycerol-less medium the rate of DNA synthesis decreased, although both RNA and protein syntheses continued. A rapid decline in the rate of DNA synthesis and cell death as a consequence of glycerol starvation has not been observed in other bacterial glycerol auxotrophs (29) , including mutants of Staphylococcus aureus (28) , R. capsulata (22) , Bacillus subtilis (27, 37) , and E. coli (3, 17, 34 other precursors, however, including an E. coli unsaturated fatty acid auxotroph (15) , yeast mutants auxotrophic for fatty acid and inositol (7, 16) , and inositol-requiring mutants of Neurospora (26) . Although the cause of cell death has not been absolutely established in these cases, several possible mechanisms have been discussed. One such possibility is that a change in membrane composition leading to membrane "leakiness" or "fragility" may occur in cells in which lipid synthesis has been perturbed. There is evidence for this mechanism in the case of E. coli unsaturated fatty acid auxotrophs, where continuing synthesis of saturated fatty acids leads to a considerable change in lipid composition. However, in the mutant we have been studying, the effect of glycerol starvation appears to be an immediate termination of net phospholipid synthesis rather than any significant change in composition. An alternative explanation for the loss of viability is "unbalanced growth." According to this hypothesis, rather than causing a major change in membrane composition, the metabolic lesion causes cell division to stop. However, in these instances not all metabolic functions would stop coordinately, and continuing metabolism in the cells that are no longer dividing leads to a progressive and eventually irreversible physiological imbalance, as has been found in fatty acid and inositol-starved yeast cells (7, 16) . The response of the glycerol auxotroph described here to glycerol deprivation suggests that membrane lipid synthesis is coupled to DNA replication and cell division in Caulobacter. One stage of the cell division cycle of Caulobacter, the elongated stalk, has been compared to the stage of the yeast cell cycle in which dependent and ancillary pathways of cell differentiation diverge. One dependent pathway in Caulobacter consists of DNA replication, cell division, and stalk formation (30) . Each event in this series is dependent of the prior events. The results reported here suggest yet another dependence in the pathway: a requirement for ongoing phospholipid synthesis and, presumably, membrane biogenesis. In E. coli cell division is also tightly coupled to prior DNA replication. It is interesting that interruption of the coupled E. coli sequence by thymidine starvation leads to "thymineless death," and comparable interruption of the Caulobacter sequence by glycerol starvation is also lethal. In E. coli, one mutation that largely prevents thymidineless death is the recA mutation, which uncouples DNA replication and cell division (19) . The tight coupling of metabolic functions to cell division, therefore, seems to be a factor in the ensuing cell death. Because phospholipid synthesis in C. crescentus appears to be intimately related to DNA synthesis and cell division, the alteration of membrane synthesis is likely to affect the cell cycle-associated biosynthesis of structures such as flagella, stalk, and pili, which are assembled at specific sites on the cell surface.
